In the west end of GAMMA 10/PDX, the end-loss ion flux is utilized for divertor simulation experiments. It is important for controlling parameters of the end-loss ion flux to investigate the efficiency of ion cyclotron range of frequency (ICRF) heating in the west plug/barrier cell, which is next to the west end region. The ICRF heating experiments in the west plug/barrier cell have been performed. In this study, three-dimensional simulations of the ICRF wave propagation were carried out in the plug/barrier cell for the first time. Two types of antennas, a Double Half Turn (WB-DHT) and a Nagoya Type-III (WB-Type-III) antennas, are evaluated. As the results, it is clarified that the WB-Type-III antenna is more effective for the ion heating than the WB-DHT antenna when the frequency is near the ion cyclotron resonance frequency at the midplane of the plug/barrier cell. An additional experiment with the WB-Type-III antenna which is located near the midplane of the plug/barrier cell has been performed. The improvement of the power absorption has been observed. The WB-Type-III antenna located near the midplane is more effective for the ion heating. The experimental results are consistent with the simulation of the wave propagation analysis.
Introduction
GAMMA 10/PDX is a tandem mirror plasma confinement device and it consists of 5 mirror cells and end regions. The end-loss plasma in GAMMA 10/PDX is similar to the scrape off layer (SOL) plasma of largesized Tokamaks. Recently, divertor simulation experiments which utilize end-loss plasmas from the confinement region are implemented in the west end region [1] . The typical end-loss ion parameters at the west end in the normal operations are as follows; the end-loss ion temperature is from 100 to 400 eV and the ion flux is a few in 10 22 m −2 s −1 order [2] . In order to advance the divertor plasma study, it is necessary to increase the ion flux to more than 10 times and simulate plasmas in SOL on large-sized tokamaks properly. For increasing the ion flux, experiments with the ion cyclotron range of frequency (ICRF) heating have been carried out by using ICRF antennas installed on GAMMA 10/PDX [2] . In the previous study, it has been observed that the ICRF heating in the west plug/barrier cell, which is next to the west end region, can control the parameters of the end-loss ion effec- tively [3] . Toward controlling end-loss ions and extending operational regime for simulating divertor plasmas of large-sized tokamaks, one of the solutions is optimizing ICRF heating in the plug/barrier cell. In order to optimize ICRF heating, it is necessary to investigate the efficiency of the ICRF heating in the plug/barrier cell with the theoretical analysis of the wave propagation and absorption. In this paper, influences of the antenna type and applied frequencies on the wave propagation and absorption in the plug/barrier cell are investigated by using a three-dimensional full-wave code TASK/WF [4, 5] . In the experiment, an antenna was modified based on the simulation and the improvement of the heating effect has been confirmed.
Experimental Setup
On GAMMA 10/PDX, plasmas are mainly produced in the central cell, which is located at the center of the device. In anchor cells, which are located on both sides of the central cell, high-β plasmas are produced for the magnetohydro-dynamic stabilization of whole plasmas due to the minimum-B configuration. The plug/barrier cells are located at both ends of anchor cells.
Three ICRF oscillator systems called RF1, RF2 and RF3 are used for the experiments. RF1 and RF2 have two sets of power amplifiers and RF3 has a single one. In the normal operation, RF1 is connected to two Nagoya Type-III (Type-III) antennas located in the central cell and used for the plasma production and heating in the anchor cell. RF2 is connected to two Double Half Turn (DHT) antennas in the central cell and used for the ion heating there. Two types of antennas, the DHT antenna and the Type-III antenna, are used in the west plug/barrier cell, which called WB-DHT antenna and WB-Type-III antenna, respectively. Schematic drawings of antennas in the west plug/barrier cell are shown in Fig. 1 and the details of the antenna location are shown in Fig. 2 with the distribution of the magnetic field strength and the ion cyclotron resonance frequency, where Z is the distance from the midplane of the central cell in the axial direction. In the case of the WB-DHT antenna, the antenna current flows only in the perpendicular direction to the magnetic field line at Z = 8.42 m where the resonance frequency is approx- Fig. 2 . The reversed WB-Type-III antenna is located nearer the midplane of the plug/barrier cell than the normal WBType-III antenna. The radius of the all antennas is 20 cm. These three types, the WB-DHT, the normal WB-Type-III and the reversed WB-Type-III antennas, are used in this study.
Ion heating efficiency is evaluated in terms of the line density in the plug/barrier cell and the end-loss ion flux with the microwave interferometer in the plug/barrier cell and End Loss Ion Energy Analyzers (ELIEA) [6] , respectively. The ELIEA is installed in both end regions and can measure the end-loss ion flux and the energy distribution.
Methods of Simulation
In order to evaluate the wave propagation and ion heating efficiency, three-dimensional analysis was carried out with TASK/WF code [4, 5] . The TASK/WF code solves the following Maxwell's equations with finite elements method.
E and ω are the electric field and the frequency of wave, respectively. is the dielectric tensor of the cold plasma including collision effect defined as the following equations.
In these equations, ω ps and ω cs denote the plasma frequency and the cyclotron frequency, respectively. ν is the collision frequency. In this code, the cyclotron damping is expressed as the collisional damping. Then, the ion heating efficiency is evaluated with integral of absorption power near the resonance layer. In order to evaluate the ion heating efficiency in the core region, the ion absorption power is integrated in the region of r cc ≤ 9 cm and 0.97 ≤ B/B ci ≤ 1.03, where r cc and B ci denote the radius converged at the midplane of the central cell and the mag- Fig. 3 The density profile in the west plug/barrier cell using TASK/WF code. The density at the midplane is estimated based on the measurement using the interferometer.
netic field strength of the ion cyclotron resonance, respectively. J ext is the external antenna current and the antenna current paths which are input to J ext are shown schematically by the red arrows in Fig. 1 . The collision frequency affect to the broadness of the simulated resonance layer. If the collision frequency is not adequately high and the simulated resonance layer is not sufficiently broader than the element sizes in axial direction, the absorption power are simulated to a different value by changing the position of the elements and nodes. The ratio of the collision frequency to the wave frequency is set to 4 × 10 −3 except for the boundaries and confirmed that absorption power is independent of the location of the elements and nodes under the value of collision frequency. The collision frequency is set to be sufficiently high near the axial boundaries in order to prevent the reflection of the waves at the boundaries. In this study, we focused on the wave propagation and absorption only in the plug/barrier cell and set a calculation region between mirror throats of the plug/barrier cell. Figure 3 shows the density profile using for the simulation with TASK/WF code. The density at the midplane of the plug/barrier cell is estimated to be 7.0 × 10 17 m −3
based on the measured line density with the microwave interferometer in the west plug/barrier cell.
Results of Simulation
In order to compare ion heating efficiencies of the three antennas, frequency dependencies of the wave absorption power are calculated. The calculated frequency dependencies are shown in Fig. 4 .
The WB-DHT antenna has a peak of the absorption power around 9.0 MHz, at which the resonance layer exists near the WB-DHT antenna. It is considered that ion heat- ing efficiency increases near the ion cyclotron frequency in front of the antenna in the case of the WB-DHT antenna. In contrast, the absorption power in the case of the WBType-III antennas has a peak of the absorption power in the frequency range between 7.6 and 9.0 MHz, which indicates the absorption power becomes large when the resonance layer is located near the midplane. The existence of the resonance layer near the midplane is more effective for the ion heating than that near the antenna. The gradient of the magnetic field strength near the midplane becomes smaller than that near the antenna location. These results are consistent qualitatively with the results of the experiment with the WB-DHT and the normal WB-Type-III antennas reported in Ref. [3] . As shown in Fig. 4 , the absorption power of the reversed WB-Type-III antenna becomes higher than that of the normal WB-Type-III antenna, especially in the case that the resonance layer is located near the midplane. It is remarkable that the ion absorption power of the reversed WB-Type-III antenna is also higher than that of the normal WB-Type-III antenna even in the case of more than 9.0 MHz. One of considerable reasons is that the distance between the antenna and plasma surface becomes small near the midplane when the radius of the antenna is fixed on 20 cm in the calculation.
Results of Experiments
From the results of the TASK/WF calculation, we have modified the normal WB-Type-III antenna to the reversed WB-Type-III antenna in the west plug/barrier cell as shown in Fig. 1 (c) . The ICRF heating experiments with the reversed WB-Type-III antenna have been carried out under the similar experimental conditions with the normal WB-Type-III antenna. The frequency of RF3 connected to the antennas in west plug/barrier cell is set to 7.7 MHz and the resonance layer is located near the midplane. Figure 5 shows the time evolutions of the input power of RF3, the line density near the midplane of the west plug/barrier cell and the ELIEA saturation current, which is proportional to the end-loss ion flux, in the typical discharges with and without the additional heating using the reversed WB-Type-III antenna. During the additional heating, the line density increased clearly as shown in Fig. 5 (b) while the ELIEA saturation current decreased slightly as shown in Fig. 5 (c) . The RF3 power dependencies of the line density in the west plug/barrier cell and the ratio of the end-loss ion flux measured by ELIEA at the west end during to before applying the additional heating with the reversed WBType-III and the normal WB-Type-III antennas are shown in Fig. 6 . The trends of the increase of the line density and the decrease of the end-loss ion flux with the increase of the RF3 power are indicated. The pitch angle scattering of the ions from the loss-cone region of the velocity space in the plug/barrier cell due to the ion cyclotron resonance heating is considered to be one of the possible mechanisms. The increase rate of the line density and the reduction rate of the ion flux with the reversed WB-Type-III antenna tends to be higher than those with the normal WB-Type-III antenna. These results indicate that ion heating efficiency is improved by reversing the installation direction of the WBType-III antenna. It is confirmed that the simulation results with the TASK/WF code shown in Fig. 4 are qualitatively consistent with the experimental results. 
Summary
In order to investigate the ion heating efficiency in the plug/barrier cell on GAMMA 10/PDX, wave excitation, propagation and absorption analysis with TASK/WF code and experiments are carried out. From the simulation results, it is clarified that the reversed WB-Type-III antenna is most effective for ion heating among the WB-DHT antenna, the normal and reversed WB-Type-III antennas. The ICRF heating experiments using these antennas are performed. It is confirmed in the experiment that the reversed WB-Type-III antenna improves the heating efficiency, which is consistent with the results of the simulation.
